Seed predation and dispersal can critically influence plant community structure and dynamics. Inter-specific differences arising at these early stages play a crucial role on tree recruitment patterns, which in turn could influence forest dynamics and species segregation in heterogeneous environments such as Mediterranean forests. We investigated removal rates from acorns set onto the ground in two coexisting Mediterranean oak species Á Quercus canariensis and Q. suber Á in southern Spain. We developed maximum likelihood estimators to investigate the main factors controlling probabilities of seed removal and to describe species-specific functional responses. To account for inter-specific differences in seed-drop timing, two experiments were established: a simultaneous exposure of acorns of the two species (synchronous experiments) and a seed exposure following their natural seed-drop phenology (diachronic experiments). A total of 1536 acorns were experimentally distributed along a wide and natural gradient of plant cover, and removal was periodically monitored for three months at two consecutive years (with contrasting differences in seed production and thus seed availability on the ground). The probability of seed removal increased with plant cover (leaf area index, LAI) for the two oak species. Inter-specific differences in acorn removal were higher in open areas and disappeared in closed microhabitats, especially during a non-mast year. Despite later seed-drop, Q. suber acorns were removed faster and at a higher proportion than those of Q. canariensis. The higher probability of seed removal for this species could be attributed to its larger seed size compared to Q. canariensis, as inter-specific differences were less pronounced when similar sized acorns were exposed. Inter-specific differences in seed removal, arising from seed size variability and microsite heterogeneity, could be of paramount importance in oak species niche separation, driving stand dynamics and composition along environmental gradients.
Seed predation and dispersal can critically influence plant community structure and dynamics. Inter-specific differences arising at these early stages play a crucial role on tree recruitment patterns, which in turn could influence forest dynamics and species segregation in heterogeneous environments such as Mediterranean forests. We investigated removal rates from acorns set onto the ground in two coexisting Mediterranean oak species Á Quercus canariensis and Q. suber Á in southern Spain. We developed maximum likelihood estimators to investigate the main factors controlling probabilities of seed removal and to describe species-specific functional responses. To account for inter-specific differences in seed-drop timing, two experiments were established: a simultaneous exposure of acorns of the two species (synchronous experiments) and a seed exposure following their natural seed-drop phenology (diachronic experiments). A total of 1536 acorns were experimentally distributed along a wide and natural gradient of plant cover, and removal was periodically monitored for three months at two consecutive years (with contrasting differences in seed production and thus seed availability on the ground). The probability of seed removal increased with plant cover (leaf area index, LAI) for the two oak species. Inter-specific differences in acorn removal were higher in open areas and disappeared in closed microhabitats, especially during a non-mast year. Despite later seed-drop, Q. suber acorns were removed faster and at a higher proportion than those of Q. canariensis. The higher probability of seed removal for this species could be attributed to its larger seed size compared to Q. canariensis, as inter-specific differences were less pronounced when similar sized acorns were exposed. Inter-specific differences in seed removal, arising from seed size variability and microsite heterogeneity, could be of paramount importance in oak species niche separation, driving stand dynamics and composition along environmental gradients. Differential species requirements during the regeneration phase could contribute to species coexistence in plant communities (Grubb 1977) . Differences between species can arise at any stage of the regeneration cycle, including flower fecundity and seed production, seed predation and dispersal, and seedling establishment, mortality and growth (Crawley 1992) . In large-seeded species such as temperate oaks, the seed-seedling transition plays a determinant role on tree recruitment. Once seeds reach the ground, a high proportion can be removed and consumed by predators, which usually translates into a major recruitment bottleneck for many forest tree species (Crow 1992 , Herrera 1995 , Santos and Tellería 1997 . Moreover, not all removed seeds are necessarily eaten and the small proportion of acorns which are buried and not recovered by animals (especially birds and rodents), acting as secondary dispersers, might be crucial for tree population dynamics (Díaz 1992 , Purves et al. 2007 . Therefore, inter-specific differences in this early phase can be critical for understanding initial tree recruitment patterns, which in turn largely drive forest composition and dynamics (Pacala et al. 1996 , Zavala et al. 2000 , Zavala and Zea 2004 .
Differential preferences by seed predators and dispersers and how these preferences are influenced by environmental conditions could impact seed removal and thereby tree recruitment patterns. First, species-specific seed preferences could respond to differences in intrinsic traits of seeds, such as size, seed-coat thickness, content of defensive compounds or nutritional value (Robbins et al. 1987 , Cipollini and Stiles 1991 , Ganeshaiah and Shaanker 1991 , Brewer 2001 , Shimada and Saitoh 2003 . Seed size has been attributed as one of the main characters affecting their removal rates. All else being equal, larger seeds should experience greater predation than smaller seeds, since larger food items offer more energetic return for foraging effort (Janzen 1969 , Harper 1977 , Brewer 2001 , Gómez 2004 ). On the other hand, larger seeds tend to have an increasing probability of being successfully cached and dispersed further away from the parent tree, thus size having a positive effect on dispersal (Jansen et al. 2004 , Gómez et al. 2008 ). Nevertheless, Oikos 117: 1386Á1396, 2008 doi: 10.1111 /j.2008 .0030-1299 .16370.x, # 2008 The Authors. Journal compilation # 2008 Oikos Subject Editor: Jordi Bascompte. Accepted 21 April 2008 preference by larger seeds is not a universal trend (Brewer 2001) . Some authors have documented a higher success in the seed-seedling transition for seeds of intermediate (Theimer 2003) or smaller size (Brewer and Webb 2001) , whereas others have not found any effect of this trait on seed removal rates (Xiao et al. 2004 , Kennedy 2005 ). In addition, seed preferences are manifested more strongly under higher seed abundance (Brewer 2001 , Jansen et al. 2004 , Theimer 2004 . Therefore, the effect of seed size and how this trait influences the nature of plantÁanimal interactions appears to be influenced by several factors, including the study system, target species, as well as other external factors such as food availability. With respect to temporal variability, the predator satiation (Janzen 1971 , Silvertown 1980 , Kelly and Sork 2002 and animal dispersal hypotheses (Ims 1990 ) suggest that the strong inter-annual variability in seed production (i.e. mast seeding; Silvertown 1980) , commonly found in oak species, is an evolutionary response directed to minimize seed predation pressure, enhance success during seed dispersal and, thereby, favour seedling establishment during mast years (reviewed by Koening et al. 1994, Abrahamson and Layne 2003) . These hypotheses could explain why coexisting species that share generalist seed consumers show synchronous masting (Shnurr et al. 2002) . Since a species producing seeds out of synchrony may experience a higher probability of seed predation and a lower seedling recruitment (Ims 1990, Curran and Leighton 2000) , even small inter-specific differences in seed-drop times may have an important effect on the number of seeds that escape predation and that are successfully dispersed. However, the effect of among-species differences in the timing of seed-drop on the process of seed removal has been poorly studied.
Finally, seed removal can also vary spatially because predator and disperser foraging is not random (Clark et al. 1999, Jordano and Schupp 2000) . Therefore, there may be a strong link between microhabitat structure and seed removal patterns, particularly in highly-heterogeneous landscapes such as Mediterranean forests (Rey and Alcántara 2000, Kolb et al. 2007 ).
In addition to the total number of seeds removed (either predated or dispersed), the rate at which seeds are removed can influence successful tree recruitment (Brewer 2001 , Jansen et al. 2004 ). If a seed is cached and not relocated (successful dispersal), a shorter time to removal implies an earlier seedling emergence in the new location, which it is a major determinant of survivorship during the establishment phase (Nicotra et al. 2002 , Verdú and Traveset 2005 , Castro 2006 . Conversely, if the seed is eventually consumed, the faster it is removed the lower the chance of germinating and emerging in the site where it was dropped, and thus the lower the probability to be independent from cotyledon reserves (Kennedy et al. 2004) .
In this study, we investigate inter-specific variation in seed removal in two oak species Á Quercus canariensis (Algerian oak) and Q. suber (cork oak) Á in southern Spain (Aljibe mountains). In these mixed forests, acorn availability not only varies inter-annually (seed masting), but also intraannually, due to small phenological differences in seed production and dispersal between the two oak species (Pérez-Ramos 2007). Quercus canariensis acorns are dropped in SeptemberÁDecember, whereas Q. suber acorns during OctoberÁFebruary. Temporal variation in seed availability, which is generally lower in early autumn, could influence species preferences shown by acorn consumers. Accordingly, Q. suber acorns may be exposed to a lower removal pressure, but counteracting mechanisms, such as production of larger or more palatable seeds, could mitigate the potential effects of later seed-drop. To account for differences in seed-drop phenology, two experiments were established: a simultaneous exposure of acorns of the two species (synchronous experiments), and a seed exposure simulating their natural seeddrop phenology (diachronic experiments) during two consecutive years. Intra and inter-specific differences were evaluated by calibrating maximum likelihood estimators of acorn removal along a wide gradient of plant cover and seed sizes. Specifically, the main objectives were: (1) to examine the effect of seed size and plant cover on species-specific seed removal rates (both in percentage of the total of exposed acorns and taking into account their times to removal), (2) to investigate inter-specific variation in seed removal along gradients of these factors, (3) to evaluate the importance of species differences in seed-drop timing to removal rates, and finally (4) to discuss the ecological implications of these findings for forest stand dynamics and species coexistence.
Methods

Study area and species
The study was conducted in La Sauceda forest (530 m a.s.l., 36831?54??N, 5834?29??W) , located in the mixed oak forests of the Aljibe Mountains, near the Strait of Gibraltar, in southern Spain (see a detailed description of the experimental plot in Quilchano et al. 2008 ). The dominant bedrock in the area is Oligo-Miocenic sandstone, with rugged terrain and a highest peak of 1094 m a.s.l. The climate is sub-humid Mediterranean, with mild and wet winters, alternating with warm and dry summers. Annual mean temperature is 178C, and annual mean rainfall is 1265 mm (1985Á2004 data from La Sauceda meteorological station). Vegetation is dominated by evergreen cork oak Q. suber forests, mixed with winter deciduous oaks Q. canariensis, which are more abundant near streams (Urbieta et al. 2008) . The shrubby understorey is diverse and rich in endemic taxa (Ojeda et al. 2000) . Most of the forested area has been protected within Los Alcornocales (meaning cork oak forests) Natural Park, covering about 1700 km 2 . Large herbivores, such as red deer Cervus elaphus, roe deer Capreolus capreolus and freerange cattle are abundant in this forest.
The fruits (acorns) of oaks usually have a single seed. Q. suber seeds are among the largest from Mediterranean tree species. Its seed production is restricted to the autumn/early winter season (between October and February) and there is strong inter-year variability. During the two sampling years of study (2003/04 and 2004/05 cycles), Q. suber acorn production was low (between 11 and 15 g m (2 year (1 ) in the study area (Pérez-Ramos 2007). Q. canariensis acorns are somewhat smaller than those of Q. suber, are dropped earlier (SeptemberÁDecember), and exhibit strong inter-year variability in seed production; in this case, estimates of acorn production in the study area varied between 344.2 g m (2 (2003/04 cycle) and 58.1 g m (2 (2004/05 cycle) . Although most acorns in both species are dispersed only by gravity, a small number potentially could be dispersed by animals (directly from the tree or after they have dropped onto the ground), mainly birds (Bossema 1979 , rodents (Jensen and Nielsen 1986 , Pulido and Díaz 2005 , Gómez et al. 2008 and even large insects such as dung beetles , Verdú et al. 2007 .
Experimental design and data collection
During their period of peak seed production and seed-drop (OctoberÁNovember for Q. canariensis, DecemberÁJanuary for Q. suber), we collected acorns under several trees of each oak species to encompass intra-specific variation. We selected healthy, normal-sized acorns and discarded those infected by moth or beetle larvae using a flotation method (Gribko and Jones 1995) . Selected acorns were stored on a moist vermiculite bed in plastic trays and kept at 2Á48C until their use in the experiment. Acorns were individually marked with a small spot of paint, and were randomly placed on the forest floor in a total of 192 experimental units (minimum distance of 10 m relative to one another), evenly distributed along the vegetation cover gradient (see below), and labelled with small flags placed at half a meter distance to minimize attraction effects. Acorns were exposed on the surface of the floor, simulating the most common abiotic dispersal process (by gravity). Experimental units spanned a wide and continuous gradient of plant cover, from open habitats (up to 90% full sun, and leaf area index (LAI) of 0.35), to deeper shade under shrubs and trees (down to 5% full sun, 4.00 LAI). Plant cover was estimated by means of hemispherical canopy photographs taken in the centre of each experimental unit in winter (DecemberÁ January), using a horizontally-levelled digital camera with a fish-eye lens of 1808 field of view (Valladares and Guzmán 2006, Quilchano et al. 2008) . We used Hemiview Canopy Analysis software to analyse the images and to calculate leaf area index, which was selected as the most representative measure of plant cover. Global site factor (GSF, i.e. percentage full sun) and LAI were highly correlated (r 0 (0.80, p B0.001).
In order to evaluate the effect of seed-drop timing on seed removal rates, two sets of experiments were carried out: an exposure of seeds simulating the typical phenology of each species (diachronic experiments, DI) and a simultaneous exposure (synchronous experiment, SYN) (Table 1) .
Diachronic experiments (DI)
During the peak seed-drop period of each species, 576 acorns (including both species) were placed during each of the two reproductive cycles, 2003Á2004 and 2004Á2005 (hereafter DI 03Á04 and DI 04Á05), across 144 experimental units distributed along a wide and continuous plant cover gradient (see description above). Q. canariensis acorns were first placed in mid October (2003) or early November (2004), while Q. suber acorns were exposed in the field in early December (2003 and 2004) in neighbouring units, so that there was no interference between the two species. In each unit, four acorns (without cupule) per species were placed on the ground, in the corners of a 0.5-m 2 quadrat. Units were periodically visited and acorns individually monitored until there was no longer any evidence of seed removal (approximately after three months). On each visit, the status of the acorn (unaffected, removed, or consumed in situ) was recorded. During the first cycle, censuses were carried out at 24 h, 7 days, 15 days and then monthly (up to 3 months). For the second cycle, three censuses were made, elapsing 7 days, 1 month and 3 months. This approach allowed us to calculate the time elapsing until each experimental acorn was removed. Those acorns remaining unaffected at the end of the experiment were considered as right-censored data. Despite different start dates of acorn placement for the two species, both of them remained exposed to predators and dispersers for the same number of days (up to 100), providing comparable experimental treatments. All experimental acorns, during the second year, were individually weighed to the nearest 0.01 g. Mean9SD (standard deviation) acorn fresh weight (g) was: 5.9692.20 for Q. suber (range of 2.31Á17.27 g, n 0576) and 2.5791.03 for Q. canariensis (range of 0.91Á8.29 g, n 0576). Acorn fresh weight was used in the analyses as a surrogate of seed size.
Synchronous experiment (SYN)
Acorns of the two species were placed in the field simultaneously in a synchronous experiment that was carried out in the second reproductive cycle, during late November 2004 (hereafter SYN 04Á05), following a similar experimental design. Acorns were experimentally exposed when seed-drop periods of the two oak species overlapped, in order to test whether animals preferred one of the species, excluding the effect of differential seed-fall phenology. Moreover, in this case, acorns of similar mass (i.e. within the same range of seed sizes) were selected for both species in order to remove any possible seed size effect on animal selection. Acorns of both species were mixed and placed at the same time across 48 dispersal units, distributed along the plant cover gradient, with four acorns (two per species) intermixed on each quadrat (total of 192 acorns). Three censuses were made (after 7 days, 1 month and 3 months), recording the status of the acorn (unaffected, removed or consumed in situ). 
Data analyses
Using maximum likelihood techniques, we fitted linear and non-linear models of acorn removal for each species using two complementary approaches. First, we considered a binomial experiment with each independent trial resulting in just two possible final outcomes, i.e. seed manipulated by animals (removed or consumed in situ) or unaffected after three months of exposure on the forest floor. Since only a small proportion of acorns (below 10%) were consumed in situ, hereafter we refer to manipulated seeds simply as removed. Second, we conducted failure time analysis (Pyke and Thompson 1986) to evaluate explicitly the time elapsing until a seed is removed. In both approaches, the final (i.e. after three months of exposure) removal probabilities were calculated for each species. However, we will focus on the results obtained by failure time analyses, which captured biologically meaningful responses that were masked by the binomial approach, particularly when removal rates at the end of the experiment were very high (see Appendix 1 for an explicit comparison of the two statistical methods). Failure time analysis considered not only the final 'fate' of each seed (i.e. removed or not) but also the time each seed remained non-removed, thus providing greater temporal resolution in removal rates which could be critical for the regeneration of these species.
Since most non-removed acorns germinated during the census intervals, we considered the probability of surviving until germination. For each oak species, we specified the hazard function as function of LAI and/or seed size (both as continuous variables), fitting several functional responses that covered a wide range of forms: linear, exponential, power and logistic (see Appendix 2 for equations). This modelling approach is suitable to identify strategic axes along which species differentiate (Pacala et al. 1996 , Kobe 1999 . Specifically, removal models along the plant cover gradient (LAI) were developed for DI 03Á04 and SYN 04Á05 experiments. For DI 04Á05, when individual seed sizes were available, we specified removal models as functions of LAI and seed size.
Models were parameterised with maximum likelihood (Edwards 1992) , using a simulating annealing algorithm (Metropolis et al. 1953, Chib and Greenberg 1995) . To test for the influence of predictors (seed size and LAI) in seed survival, fitted models were compared to a null model of no factor effect using likelihood ratio tests (LRTs) (Edwards 1992) . Fitted models were compared with Akaike's information criteria, specifically DAIC, which is defined for each Model i as: AIC i Á AIC minimum (Akaike 1992) . The model with the strongest empirical support has the minimum AIC and thus, DAIC 00. Models with DAIC between 0Á2 were considered to have equivalent and substantial empirical support, DAIC between 4Á7 indicated less support and models with DAIC 10 were dismissed as they had negligible empirical support (Burnham and Anderson 2002) . The effect of oak species on seed removal was analyzed using two complementary approaches. First, we compared a general model that was fit to all the data (model saturated, without distinguishing between the species) versus a model that included species-specific parameters. Second, we estimated 95% support regions (equivalent to 95% confidence intervals but used in conjunction with likelihood methods; see details in Hilborn and Mangel 1997) in order to explore inter-specific differences along the plant cover and seed size gradients. When 95% support regions for the species-specific parameters did not overlap, differences between species were considered to be significantly different. All the models and numerical algorithms were implemented in programs we wrote in C.
Results
Experimentally dispersed Q. canariensis and Q. suber acorns experienced high removal rates in both years of study. In all cases, the probability of seed removal increased exponentially with plant cover (LAI) and seed size for the two oak species (Table 2, 3, 4) . Inter-specific differences, however, varied among years and between diachronic and synchronous experiments.
Diachronic experiments (DI)
In the diachronic experiments (DI 03Á04 and DI 04Á05), removal rates increased exponentially with LAI for both Note: A and S are parameter estimates that maximized the likelihood function, and Factor i are the measured predictor variables for each acorn 'i'. The hazard function can take different forms as expressed in Eq. iÁiv (Appendix 2). LogLike corresponds to the maximum loglikelihood: log(Lu½data, model). AIC (Akaike's information criteria) is calculated as: AIC 0(2log(Lu½data, model)'2K, being K the number of parameters in the model. Model fits are evaluated through loglikelihood ratio test (LRT, *pB0.05, **pB0.01, ***pB0.001) and DAIC (AIC i ( AIC min ). Bold font denotes models with equivalent empirical support (i.e. DAIC B2).
species according to best model fits (i.e. DAIC 00) ( Table  2 , 3). During DI 03Á04, despite their later placement on the forest floor, Q. suber acorns had a higher removal probability than Q. canariensis ones as shown by the higher empirical support of models differentiating among the two oak species in comparison with the saturated model (DAIC 063.15). Inter-specific differences remained along most of the plant cover gradient, with an overlap of 95% support regions just in the extremes of the LAI gradient (Fig. 1) . In open areas (low LAI), the two species had similar removal probabilities (:p00.4Á0.5). For intermediate values of plant cover, Q. suber acorns always experienced higher removal rates than Q. canariensis, whereas in more shaded areas (with denser vegetation) acorns of both species were virtually all removed. During DI 04Á05, seed removal rates were higher than in the previous year for both species (final mean removal of :93%). Again, seed removal rates varied with LAI, which had the strongest empirical support for inclusion in the models (Table 3 ). Removal increased with LAI for both species, and reached values close to one along a large part of the plant cover gradient. Only in the most open areas (with low LAI), did seeds have some chance to escape from animals, especially those with a smaller size ( Fig. 2a) , as indicated by the best-supported models (DAIC 00) for both species (Table 3) . In this case, species differences were not supported by the data (DAIC 00.03). However, for a mean value of seed weight (i.e. 5 g), Q. suber acorns had higher removal probability along the plant cover gradient than those of Q. canariensis, although inter-specific differences were only noticeable for very low values of LAI (Fig.  2b) . In these open areas (i.e. LAI00.5), probability of seed removal also increased with seed size in both oak species, with a more pronounced effect for Q. canariensis (Fig. 2c) . Q. canariensis acorns (range of 0.9Á8.3g) were in general smaller than those of Q. suber (2.3Á17.3 g), and overall had a lower removal rate. However, in the common interval of acorn size for both species (2.5Á8 g), the 95% support regions overlapped and thus, species did not differ (Fig. 2c ).
Synchronous experiment (SYN)
The importance of seed size on removal probabilities was supported by the synchronous experiment, in which acorns of both species with similar weight were exposed on the ground at the same time. The two oak species experienced very high seed removal rates (approaching 100%) with overlapping support regions at any level of the plant cover gradient (Fig. 3) , thus there was not effect of the species on removal probabilities (DAIC 0(2.68). In this case, removal probabilities also increased with LAI for both species (Table 4 ).
Discussion
Factors influencing intra-and inter-specific differences in seed removal
Our results show divergence in seed removal rates for two co-occurring oak species. Despite their later seed-drop, Q. suber acorns were removed faster and with higher probability in comparison with Q. canariensis. These Table 3 . Maximum likelihood parameter estimates for acorn removal models of each species as function of plant cover (LAI) and seed size, using the failure time approach during DI 04Á05 (diachronic experiment). Models are ranked from best to poorest fits. Note: models are noted and evaluated as in Table 2 . A and S are parameters estimates that maximized the likelihood function (Appendix 2). D is the estimated parameter when Factor 2 was added to the functional response that yielded the best fit when evaluated singly. Additive interactions between two factors are noted as (') and multiplicative as (*). Model fits are evaluated through loglikelihood ratio test (LRT, ***pB0.001, **pB0.01, *pB0.05) and DAIC
differences, however, varied among years and along plant cover and seed size gradients. Seed removal was strongly affected by the type of microhabitat where the acorn was placed, highlighting the relevance of environmental variables as mediators of plantanimal interactions (Kolb et al. 2007 ). Probability of seed removal increased under denser plant cover (i.e. higher LAI values) for both oak species. This positive relation is usually attributed to the action of small rodents, which show a higher activity in more closed microhabitats, where they find more protection against their predators (Kikuzawa 1988 , Herrera 1995 , Hulme and Hunt 1999 , Pons and Pausas 2007b .
Seed removal patterns of both species varied between the two sampled years, likely arising from variable acorn production between reproductive cycles, which led to variable food resources (acorns) for seed consumers on the forest floor. During the first cycle 2003/04, the estimated seed production (especially of Q. canariensis) was very high. In the diachronic experiment (DI 03Á04), Q. canariensis acorns (that were sown earlier) were removed less by animals than those of Q. suber, along most of the vegetation cover gradient. The high availability of resources (acorns) may have resulted in seed-predator satiation (Janzen 1971 , Crawley and Long 1995 , Wolf 1996 and species-specific seed preferences may have been more perceptible (Jansen et al. 2004) . In contrast, during the second cycle (2004/05), estimated seed production of both species was very low, and removal probabilities of experimental seeds approached 100%. Under food scarcity, animals are usually less selective because they need a greater percentage of seeds to build up enough reserves for surviving the next season (Jansen et al. 2002) . In this case, inter-specific differences were only perceptible in open areas, where rodents probably selected more attractive food (Q. suber acorns) to compensate for the risk.
In the range of plant cover where inter-specific differences were significant, Q. suber acorns were always removed faster and at a higher proportion than Q. canariensis acorns, independent of seed availability on the forest floor. In fact, in another forest site within the study area, Pérez-Ramos and Marañón (2008) also found a higher preference for acorns of this species, even when the estimated seed production of Q. suber was higher than Q. canariensis. These results do not support the initial hypothesis proposing a lower removal risk for Q. suber acorns due to their later seed-drop phenology and later availability for animals (assumed as being satiated with the earlier available Q. canariensis acorns), but instead suggest the likely influence of other factors related to specific characteristics of acorns. Differences in seed removal between the two oak species here seem to be mostly a consequence of seed size variation. Overall, Q. suber acorns were bigger than those of Q. canariensis and this was probably the main cause of being removed faster by animals. Indeed, both in synchronous and diachronic experiments, inter-specific differences in removal rates were not significant when a similar seed size range was explored. Therefore, although seed removal rate for Q. suber likely was reduced due to its delayed seed-drop phenology, the greater size of acorns makes them more attractive for animals than Q. canariensis ones. At the intraspecific level, the probability of seed removal also increased with seed weight in both species, consistent with previous studies (Gómez 2004 , Jansen et al. 2004 , Gómez et al. 2008 . The influence of seed size on inter-specific differences has been reported in other forest systems (Forget et al. 1998 , Xiao et al. 2006 ), but contrasts with some studies where this trait did not exert any significant effect (Xiao et al. 2004 , Kennedy 2005 or animal selection was influenced by other species-specific traits and not by seed size (Hulme and Borelli 1999 , Pons and Pausas 2007b , 2007c . In any case, differences in seed quality between Q. suber and Q. canariensis acorns, independently of size, should also be investigated. Although a previous seed chemical analysis showed that nutritional content was similar in acorns of both oak species (Pérez-Ramos 2007), inter-specific differences in defensive compounds (e.g. Table 4 . Maximum likelihood parameter estimates for acorn removal models of each species along the plant cover gradient, during SYN 04Á 05 (Synchronous experiment) using failure time approach. Models are ranked from best to poorest fits and evaluated as in tannins) have not been analysed and also could play an important role (Shimada and Saitoh 2003) .
Implications of seed removal for forest stand dynamics
Seed removal of the two oak species Á Q. canariensis and Q. suber Á was very high during the two years of study. In just three months, a large proportion of experimental acorns placed onto the ground were removed by animals; thus, seedseedling transition could be an important bottleneck in regeneration of the studied oaks, as has been documented for other species (Crow 1992 , Herrera 1995 , Santos and Tellería 1997 . A high proportion of acorns removed by the different seed harvesters (mostly rodents) are relocated and eaten later (Bossema 1979 , Kikuzawa 1988 , Iida 1996 , Kollmann and Schill 1996 . However, it is likely that a small fraction escapes consumption, in which case mice act as secondary dispersers (Jensen and Nielsen 1986 , Pulido and Díaz 2005 , Gómez et al. 2008 . A similar interaction was documented for dung beetles, Thorectes lusitanicus, in the same forest site; interestingly they bury but do not always eat Q. canariensis and Q. suber acorns ). Thus, the small proportion of buried, surviving seeds discarded or forgotten by these scatterhoarder animals at safe sites might also be crucial for long term viability of oak populations (Díaz 1992 , Purves et al. 2007 ).
The outcome of plant-scatterhoarder interaction can shift along a continuum from antagonistic (seed predation) to mutualistic (seed dispersal) relations (Bronstein 1994) , and this conditional mutualism mostly depends on the relative abundance of seeds versus that of scatterhoarders (Theimer 2004) . At low seed/scatterhoarder ratios, rodents act mainly as antagonistic predators, whereas at high values (for example, during mast years) rodents act more as dispersers and less as seed predators (Theimer 2004 ).
Since the main differences between the two co-occurring species (among several regeneration stages) were observed precisely during the seedÁseedling transition (Pérez-Ramos 2007), our modelling approach could help elucidate how overall recruitment of both species varies in the landscape. The ecological implications of inter-specific differences for forest stand dynamics and species coexistence will likely depend on the nature of plantÁanimal interactions, which are partly determined by food (seed) availability (Jansen et al. 2004) , and environmental heterogeneity of the particular site. Accordingly, during a year of low seed production (such as 2004/05 in the study area), most removed acorns are likely consumed later and then Q. canariensis could gain an advantage over Q. suber and even replace it in certain microhabitats. In contrast, under high seed abundance (such as 2003/04) greater food availability likely satiates seed predators (Janzen 1971 , Silvertown 1980 , Kelly and Sork 2002 , and a larger proportion of removed acorns are cached and probably not relocated later (successful dispersal). In this situation, Q. suber could be favoured over Q. canariensis due to the fact that their acorns are clearly preferred by animals (potential dispersers) as a consequence of their bigger size.
It is important to highlight that the differences found between the two oak species were consistent across most of the plant cover gradient, especially during mast years. However, in more closed microhabitats located under several shrub and tree layers, seed removal was very high for both species (probably also predation rates) and, combined with the strong light limitation for emerged seedlings, almost no recruitment will be expected in that type of microhabitat. These results are consistent with previous studies (Pons and Pausas 2007a) but contrast with the documented effect of shrubs as protector of tree seedlings from herbivores under Mediterranean conditions , Castro et al. 2004 , Pulido and Díaz 2005 . On the contrary, the probability of seeds escaping from animal removal was higher in open microhabitats for both oak species, but conditions for seed germination and establishment of seedlings were less suited in this type of microhabitat, due to over-saturation during the wet season (Urbieta et al. unpubl.) . Thus, there seems to be a conflict between demographic stages (sensu Schupp 1995); microhabitats with a low removal risk for seeds may exhibit less favourable conditions for subsequent sapling recruitment, and vice versa. Therefore, spatial patterns of seed removal, as a result of the activity and habitat use of seed predators and dispersers, as well as their preferences for acorns of certain species, may have strong influence on tree regeneration and landscape forest dynamics (López- Barrera et al. 2005 , Purves et al. 2007 . Biotic and abiotic factors may operate synergistically to result in critical sapling recruitment episodes. Understanding how feedbacks between rodent abundance, seed production, disturbances and rainfall variability modulate tree recruitment is critical to developing realistic and mechanistic models of forest dynamics under Mediterranean conditions. Figure 3 . Models resulting in the best fit for acorn removal as function of plant cover (leaf area index, LAI), with 95% support regions, during SYN 04Á05 experiment, where both oak species' seeds with similar weights were experimentally dispersed at the same time. Figure A1 . Models resulting in the best fit for seed removal of both species, Q. canariensis (a) and Q. suber (b), during DI 04Á05. Notice different scales in the axes. Binomial and failure time approaches are compared. No effect of seed size nor LAI were captured when assuming a simple binomial, whereas introducing 'survival times' we observed that in open areas (low LAI) seeds 'survived' longer without being manipulated by seed predators or dispersers (especially smaller ones), with important ecological consequences for tree recruitment.
